Abstract: This paper presents the synthesis and characterization of two oligomers based on monosaccharides (D-glucose and D-mannose). The oligomers were obtained by the polycondensation of two diacids derived from monosaccharides (3-O-benzyl-5,6-(bis(maleyloxy))-1,2-O-isopropylideneglucofuranose and 1-O-benzyl-5,6-(bis(maleyloxy))-2,3-O-isopropylidenemannofuranose, respectively), with propane-1,3-diol in the presence of p-toluenesulfonic acid. The oligomers were characterized using FTIR and NMR spectroscopy, HPLC-MS and DSC. The copolymerization of the oligomers with 2-hydroxy-propyl acrylate was studied by DSC to evaluate the possibility of obtaining cross-linked copolymers.
Introduction
Polymers of biological and synthetic origin have been over the past decades traditionally ranked and explored in rather separated fields of research. Such distinction is indeed justified since both categories of molecules differ in many fundamental aspects. Macromolecules of life such as nucleic acids, peptides or polysaccharides are almost ideal molecular structures optimized by billion of years of chemical evolution, whereas man-made polymers are usually simpler in design but indeed chemically much more diverse. In this context, the combination of polymers of both natural and synthetic origin is an appealing modern strategy for preparing hybrid macromolecules with unprecedented properties [1] .
The most important class of organic compounds in terms of volume produced are the carbohydrates, which account for around 75% of the 200 billion tons of biomass produced annually worldwide. Therefore, carbohydrates offer ideal conditions for industrial development to substitute products of fossil origin [2] .
Glycopolymers can be defined, in a general sense, as synthetic polymers possessing a non-carbohydrate backbone but carrying carbohydrate moieties as pendant or terminal groups. These glycopolymers are of great interest, not only as simplified models of biodegradable polymers bearing oligosaccharides but also in biological, biochemical and biomedical uses. This is mostly due to the expectation that polymers displaying complex functionalities, similar to those found in natural glycoconjugates, might be able to mimic or even exceed their performance in specific applications (biomimetic approach). Glycopolymers have been investigated in diverse applications including, but not limited to, matrices for the encapsulation, stabilization and active ingredients release, texture-enhancing food additives, macromolecular drugs and drug delivery systems, biosensitive, and biocatalytic hydrogels, cell culture matrices, reverse osmosis membranes and stationary phase for separation purposes, surface modifiers artificial tissues and artificial organs substrates [3] .
In 1946, Haworth and coworkers first reported the preparation of polymerization products from substituted carbohydrates containing acrylate or methacrylate groups [4] . The first glycopolymer was synthesized by Horejsi in 1978; he obtained copolymers of acrylamides and allyl-glycosides and thus naming the copolymers he had synthesized replica of the natural polysaccharides [5] . Since then, there has been extensive interest in the synthesis and polymerization of functionalized carbohydrate monomers based on monosaccharides [6] [7] [8] [9] [10] [11] or polysaccharides (chitosan [12] [13] [14] , inulin [15, 16] ).
This report describes the synthesis of two oligomers in which the D-glucose and Dmannose skeleton is included into the polymer chain. The oligomers were synthesized by the polycondensation of 3-O-benzyl-5,6-(bis(maleyloxy))-1,2-Oisopropylidene-D-glucofuranose or 1-O-benzyl-5,6-(bis(maleyloxy))-2,3-Oisopropylidene-D-mannofuranose with propane-1,3-diol, catalyzed by ptoluenesulfonic acid. The oligomers were characterized using IR, NMR and HPLC mass spectrometry and, then, the copolymerization properties of the oligomers with 2-hydroxypropyl acrylate were studied by DSC.
Results and discussion
The oligomers were synthesized as described in detail in the experimental part. They were characterized using FTIR spectroscopy (Fig. 1) . The spectra of the oligomers reveal the free hydroxyl groups belonging to the terminal ends of the structure (3400 cm -1 ). The C-H stretching groups belonging to the aromatic protective group from the sugar skeleton are placed between 3000 and 3100 cm -1 , while the CH 2 from the structure show signals at about 2900-3000 cm -1 . The C=O group in ester bond has its intense vibration at about 1720 cm -1 , while the C-O-frequencies are placed between 1380 and 1050 cm -1 . The C=C vibrations from the maleic anhydride skeleton are placed at about 1640 cm -1 . The successful synthesis of the oligomers was also confirmed by NMR spectrometry. Due to their high polarity compared to the raw materials, the oligomers had to be dissolved into DMSO-d 6 in order to record their NMR spectra. The 1 H-NMR spectra ( Fig. 2 and 4 ) of the oligomers show the isopropylidene protons at about 1.2-1.4 ppm, proving that this protective group had not been lost during polycondensation. Also, the signals from 7.2-7.5 ppm show the aromatic protons belonging to the benzyl protective group of the sugar moiety. The C-H groups from the sugar express signals between 5.8 and 4.5 ppm intercalated with the signals from the CH 2 skeleton from the propane-1,3-diol linked to the sugar diacid. That is the main reason why the average molar mass cannot be calculated using these NMR spectra for the oligomers, because the certainty of the assignments can be put to the test. The H-C=C-H signals are placed between 6.5 and 7 ppm. The O-H terminal groups show small signals at about 8.5 ppm, the carboxylic hydroxyl being shifted more to the left. 13 C-NMR ( Fig. 3 and 5 ) confirms the hypotheses stated above. We can identify from the carbon spectra all the significant signals that confirm the structure of the oligomers. The isopropylidene CH 3 can be found at about 26 ppm, while the aromatic C-C bonds are placed between 127 and 137 ppm. The C=C groups from the maleic anhydride skeletons are expressed by signals between 132 and 136 ppm, while the C=O bonds from the ester groups are placed between 165 and 168 ppm. The quaternary carbon from the isopropylidene group is found at about 112 ppm while the anomeric carbon from the sugar moiety is found at about 107 ppm. The sugar CH groups along with the methylene groups from the rest of the structure are expressed between 87 and 59 ppm. The HPLC-ESI-MS analysis was performed in order to determine the molar weight of the oligomers synthesized by polycondensation. The oligomers were dissolved in methanol to obtain a concentration of 100 μg/mL and 5 μL was injected into the HPLC device. The blank chromatograms (not shown) showed no peaks in the HPLC beside the solvent front. The retention times were 2.62 min for the D-glucose oligomer and 4.41 min for the D-mannose oligomer.
The collected mass spectrum for the D-glucose oligomer is presented in Figure 6 . The base peak was observed at m/z = 605.10 and it was assigned as single charge Na adduct that corresponds to [M+Na] + (where M is the molecular weight for the oligomer structure when n = 1 ), which demonstrates that the D-glucose oligomer n = 8 was obtained. In Figure 7 is presented the mass spectrum acquired for the D-mannose oligomer. The base peak observed at m/z = 723.19 is associated with the presence of the single charge adduct [M+TEA+K] + with the potassium and triethylamine (TEA probably found either in the HPLC column or traces remained from the diacid synthesis These results indicate that the actual molecular weight is 4656 Da for the D-glucose oligomer and 5820 Da for the D-mannose oligomer, so the structure of the oligomers were 8-mer and 10-mer units, connected to one another.
The oligomers were also characterized using DSC analysis (Fig. 8) . The DSC analyses for the oligomers were run at a heating rate of 5 ˚C/min and the temperature was ranging between 20 and 400 ˚C. From the overlapped DSC diagrams we can see that the D-mannose oligomer presents a transition at about 137 ˚C, thus it has a rather solid nature, while the D-glucose oligomer being rather liquid does not show this transition temperature. Both oligomers show a peak temperature at about 282 ˚C which corresponds in fact to the homopolymerization process that occurred inside the structure, due to the double bonds from the maleic anhydride skeleton. Due to the double C=C bonds of the polymeric structure we can investigate the copolymerization properties of the oligomers with certain reactive monomers. The most common reactive monomers are the acrylate and methacrylate derivatives. The oligomers showed rather high polarity, thus were dissolved successfully only in monomers that have a free hydroxyl group.
The copolymerization properties of the D-glucose and D-mannose oligomers into 2-hydroxypropyl acrylate (HPA) were studied via DSC analysis. 2-hydroxypropyl acrylate monomer was chosen because of its relative polarity which provides a rather high solubility of the oligomers. The samples were prepared according to the protocol mentioned in the experimental part, using benzoyl peroxide as the free radical initiator. The weight ratios were chosen in order to ensure the homogeneity of the system (Table 1 ).
The DSC diagrams (Fig. 9 and 10) show that the copolymerization of the oligomers with HPA occurs from about 80 °C to 115 °C. The mass ratios have proved to be wisely chosen as the DSC diagrams for the process of copolymerization shows only one peak. Fig. 9 . The O_HPA1 DSC diagram at different heating rates.
Tab. 1.
It can be stated that the peak temperature increases along the heating rate. It is clear that the mixture is homogenous and that that process of polymerization occurs in one step. The peak temperature increases along the increase of weight ratio. The copolymerization process for glucose oligomers occurs at higher temperatures than for mannose ( Table 2 ).
The DSC analyses were run at five different heating rates in order to calculate the activation energy of the copolymerization process via a non-isothermal method. One of the most popular methods for calculating the activation energy is Kissinger method. Kissinger had come up with the idea that the activation energy can be calculated from the slope of the linear dependence: ln (β/T max 2 ) = f (1/T max ), where β is the heating rate (K/min) and T max is the peak temperature (K). 
where:
β -The heating rate (K/min); T max -Temperature (K); Ea -activation energy (J/mol); A -Pre-exponential function; F(α) -kinetic model function;R -gas constant (J/mol K).
The activation energy for the copolymerization process was calculated for all the weight ratios considered (Table 3) . We can observe that the activation energy increases along the increase in acrylate weight ratio for both oligomers and that the 
Conclusions
Two novel sugar based oligomers were synthesized; the structures of the oligomers include the sugar moieties into the polymeric chain and also double C=C bonds susceptible to further copolymerization. The proposed structures of the oligomers were confirmed by FTIR, NMR and HPLC-MS spectrometry and the polymerization properties were investigated using DSC analysis. The activation energy of the copolymerization process of the oligomers with HPA was determined using Kissinger method.
The oligomers proved to be interesting new materials for obtaining new glycopolymers with improved properties and possibly increased biodegradability.
Experimental part

Materials and methods
D-(+)-glucose (98%), D-(+)-mannose (99%)
, benzyl bromide, (98%) (BnBr), maleic anhydride, (99%) (MAh), triethylamine, (99%) (TEA), glacial acetic acid, (99%),
propane-1,3-diol, (98%), p-toluenesulfonic acid monohydrate, (99%) and 2-hydroxypropyl acrylate were purchased from Merck and were used without further purification. Acetone (ChimoPar Bucharest), DMF (Merck), methanol (Chimopar Bucharest), hexane (Merck), ethyl acetate (Merck), toluene (Merck) and methylene chloride (Chimopar Bucharest) were purified according to literature [17] .
The syntheses were monitored using thin layer chromatography (TLC) performed on silica gel plates, Merck, DC-Autofolien Kiesegel 60 F 254, using different eluant mixtures. The FTIR spectra were recorded on a Jasco FT/IR-410 spectrometer. The NMR spectra were recorded on a Bruker Avance DRX 400 spectrometer, using tetramethylsilane as reference.
Mass spectrometry results were obtained using an Agilent 6500 Series AccurateMass Quadrupole Time-of-Flight (Q-TOF) LC/MS. The samples were separated on a Zorbax SB-C18 (4.6 x 150 mm, 5 µm) reverse phase column. The mobile phase consisted of water (solvent A) and methanol (solvent B) filtered and degassed under vacuum before use. The gradient program was 95% solvent B followed by ramping up to 100% solvent B at 5 min and then maintaining for 10 min. The total run time was 20 min. The flow rate was 0.5 mL/min; the detector UV-VIS DAD was monitored at 210 nm. The LC System was directly connected to the electrospray ion source. The Q/TOF MS condition were set as follows: electrospray ionization (positive ion mode), drying gas (N 2 ) flow rate 5.0 L/min; drying gas temperature 325 ºC; nebulizer pressure 5 psig, capillary voltage 4000 V; fragmentation voltage 200 V; the full-scan mass spectra of the investigated compounds were acquired in the range m/z 50-3000. Data were collected and processed using MassHunter Workstation software.
The DSC diagrams were recoded on a Netzsch 204 DSC device in inert atmosphere, operating Proteus Analysis software. For the kinetic study of the copolymerization process several heating rates were used: 2.5; 5; 7.5; 10 and 20 K/min.
Synthesis of 3-O-benzyl-1,2-O-isopropylidene-D-glucofuranose (4) and 1-O-benzyl-2,3-O-isopropylidene-D-mannofuranose (8) (scheme 1 and 2)
D-glucose (1)/ D-mannose (5) were transformed into diacetone derivatives according to a literature protocol [18] . The diacetone derivatives were then benzylated with benzyl bromide (BnBr). A solution of 5 g 1,2:5,6-di-O-isopropylidene-D-glucofuranose (2) / 2,3:5,6-di-O-isopropylidene-D-mannofuranose (6) in anhydrous DMF was cooled to 5-10 ˚C while stirring vigorously. 4.5 mL of benzyl bromide were added through a rubber septum under inert atmosphere (argon). Then 1.55 g of sodium hydride is added in small portions keeping the temperature below 10 ˚C. 
The reaction mixture was stirred at room temperature over night. Then, the mixture was cooled below 10 ˚C (ice bath) and 100 mL of MeOH were added to neutralize the excess hydride (stirring for an hour and a half). The methanol was removed using a rotary evaporator and 100 mL of distilled water were added. The benzylated product was extracted into methylene chloride, dried over sodium sulfate and evaporated to dryness [19] .
The benzylated products, 3-O-benzyl-1,2: (7), were dissolved into 17.5 mL of glacial acetic acid and warmed to 70-75 ˚C under vigorous stirring. and 7.5 mL of distilled water were added in small portions. TLC plates (hexane : ethyl acetate = 1:1, v/v) are run every 10 minutes until the selective deprotection was completed. The mixture is then neutralized with NaHCO 3 until the pH rises above 7.
The product was extracted with methylene chloride, dried over sodium sulfate. The solvent was removed under vacuum and the product was purified by column chromatography (Silicagel 60 -230-400 mesh; hexane : ethyl acetate = 1:1, v/v). 
Synthesis of 3-O-benzyl-5,6-(bis(maleyloxy))-1,2-O-isopropylidene-D-glucofuranose (9) and 1-O-benzyl-5,6-(bis(maleyloxy))-2,3-O-isopropylidene-D-mannofuranose (10)
A solution of 4.5 g of (4)/(8) in 20 mL anhydrous DMF was stirred vigorously and heated to 60-65 ˚C. Then 8.5 g of maleic anhydride was added while stirring and after complete dissolution 0.6 mL TEA was poured dropwise. The reaction was monitored using TLC plates (ethyl acetate : methanol = 1:1). After approximately 20 h, the TLC shows only one peak at Rf = 0.33. The reaction was stopped by adding 100 mL of distilled water. The diacid was extracted several times into methylene chloride, then washed with LiCl water solution 10%, distilled water and then dried over sodium sulphate [20] . 
Synthesis of the D-glucose and D-mannose oligomers
4 g of (9) / (10) were vigorously stirred into 20 mL of toluene, whereupon 0.6 mL of propane-1,3-diol were added. The mixture was heated up to 95-100 ˚C and 9.2 mg ptoluenesulfonic acid were added. The flask was provided with a Dean-Stark device to collect the water formed during the polycondensation. The reaction was monitored by acidity indices and, as the reaction evolves, the formation of the oligomers at the bottom of the flask can be observed (28 h). The toluene was removed and the products were dissolved in chloroform. The solvent was removed in vacuum (yield approx. 70%). 
Preparation of DSC samples for the copolymerization of 2-hydroxypropyl acrylate with D-glucose/ D-mannose oligomers
The oligomers were dissolved into a certain amount of HPA according to the chosen weight ratio. The mixture is stirred vigorously until perfect homogeneity was obtained. Then benzoyl peroxide was added (1% w/w) and the mixture was stirred for another half an hour. Small portions of the final mixture were analyzed via DSC.
